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Folds, highly deformed structures, have received extensive attention for
their nonlinear responses due to a large strain on soft matters. To
investigate the folding phenomena, here, we exploit residual tensile
stress during metal deposition, which is large enough to compress a
thin film coating and introduce a photocurable viscous fluid to decrease
the resistance of the substrate against compressive stress. The system
has the advantages of the abilities for freezing the highly deformed
surfaces by post-UV exposure to the UV-crosslinkable substrate
and manipulating the substrate effect by controlling the thickness
of the substrate. We theoretically investigated the dependence on
the substrate thickness using scaling analysis and demonstrated
self-generated ladder and flower-like graphoepitaxial structures
originated from the thickness design of the viscous substrate.

Highly deformed structures exhibit unique behaviours, such as
folding, delamination, or cracking, that are relevant to nonlinear
responses.’™ In particular, folding that exceeds the large deforma-
tion limit of buckling has been extensively analysed.®® Folding
phenomena resembling wrinkles exist universally in nature
over diverse scales, ranging from human lungs to geological
stratum."®*? There are also systems of folding within wrinkles,
such as the leaves of plants.'* Currently, the high aspect ratio
features of wrinkles in soft matter capped with a hard skin
bilayer system are attracting extensive attention because they
tend to exhibit special functions, such as light trapping in
energy harvesting devices or super-hydrophobicity.">° Basically,
a large strain applied to a thin film is a requisite for folding.**
When we alter the substrate to a softer one, we can obtain a
folded structure more easily. From this perspective, introducing
a fluid substrate instead of the elastomeric solid substrates used
in traditional buckling/folding studies is an excellent choice.”*?*
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One issue with this approach, however, is that there is a difficulty in
maintaining the morphology of thin films. In previous studies, the
folding of an elastic film on a viscous liquid layer vanished and
turned to a flat state again after stress relaxation.>*

Here, we present a strategy to form highly crumpled surfaces
by exploiting the compressive stress of metal layers during
thermal deposition on a liquid prepolymer. To overcome the
shortcomings of a fluid substrate system, we used a photocurable
polymer to fix the buckled metal film by post-UV exposure. The
spontaneous deformation of the thin metal film depends on the
thickness of the viscous prepolymer and it was theoretically
explained using a scaling model. According to this principle,
we could manipulate various crumpled surfaces by geometrical
restrictions as well as polymer thickness. Furthermore, we
demonstrate ladder and flower-like graphoepitaxial structures
originated from the thickness design of viscous substrates and
present a replication concept to fabricate the self-generated
folding/buckling patterns for repeated use.

Fig. 1a shows a schematic illustration of the experimental
procedures. First, to control the thickness of the polymer, we
spin-coated a photocurable polyurethane acrylate (PUA, 301RM,
Minuta Tech) prepolymer onto a transparent substrate, such as a
glass or PET film. Next, we loaded the spin-coated sample with a
viscous layer into a thermal evaporator and deposited aluminium
under high vacuum (~10"® Torr). Comparing the scanning
electron microscopic (SEM) images of the metal surfaces deposited
onto a liquid prepolymer and a cured polymer in Fig. 1b and c,
respectively, folding and large amplitude buckling obviously occur
in the case of the fluidic prepolymer because it lowers the stiffness
of the substrate. Out-of-plane deformation occurred because of
compressive stress caused by the deposited metal film. The
compressive stress is due to the oxidation accompanying volume
expansion at the surface during the aluminum deposition on the
soft polymer substrate.>>**

To prove that aluminum oxidation occurs on the liquid polymer,
we deposited 5 nm of aluminum on a partially polymer-coated
substrate. As shown in Fig. 1d, the liquid prepolymer is dropped
only in the central region. The edge of the substrate without the
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Fig. 1 (a) Schematic illustration of experimental procedures. (b and c) SEM images of buckled surfaces via metal deposition (20 nm thick, 0.5 A s™%) on an
un-cured viscous prepolymer and a pre-cured (during 40 s) polymer substrate. (d) Image of the transparent buckled surface resulting from the formation
of alumina on a partially coated polymer after 5 nm thick metal deposition. At the edge of the bare glass substrate, aluminum film is deposited directly
onto the substrate; a color difference is observed compared to the polymer-coated part. (e) Image of pulverized thin metal film during purging of
nitrogen gas without UV exposure after thermal deposition. Inset: See the ESI,f Videos S1 and S2 for a real time movie of a sample with a fully cured
polymer substrate that maintained its original shape. (f) A typical SEM image of a high aspect ratio (~1) upward folding. Because of the shallow thickness
of the polymer substrate, folding is difficult to develop in the downward direction.

polymer has the metallic color of aluminum. However, the center
of the substrate coated with polymer is transparent because Al
changes to transparent alumina at the surface of the polymer layer
during thermal deposition. As shown in Fig. S1 (ESIt), scanning
electron microscopic (SEM) and transmission electron microscopic
(TEM) images prove the oxidation of aluminium film during the
metal deposition. We note that the direction of stress on the
deposited metal films depends on the type of metal.”” For example,
a tensile stress exists when Au film is deposited onto the polymer
substrate. Therefore, crack formation occurs during Au deposition
on the liquid substrate (see Fig. S2, ESIT).

Deformation of metal is irreversible; thus, the shape of
the film is maintained against other cases of fluid substrates
(see Fig. S3, ESIT).”* When pressure is applied on the surface,
however, it is pulverized owing to the liquid state of the
polymer layer. To freeze the highly deformed surface structure,
we expose the bottom of the transparent substrate to UV light
as a post-processing step. The fixation of the metal film is
verified by purging the surface of the sample with nitrogen gas.
On the one hand, when there is no post-exposure, the metal
film peels off (Fig. 1e). On the other hand, after post-exposure,
the thin metal film is well attached onto the fully cured polymer
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substrate and maintains its shape. Fig. 1f shows a typical image
of upward folding in our system. In addition to the folding,
well-ordered secondary buckling is also observed. Under uniaxial
compression on a thin film, stress relaxation due to folding
causes the other regions of the film to flatten."?® In the case of
biaxial compression, the effect of compressive stress, whose
direction is perpendicular to that of stress relaxation, is relatively
dominant after folding occurs.*® This phenomenon is the reason
why the secondary buckling forms in a perpendicular direction
to the folding.

Fig. 2a-c shows 3D confocal microscopic images of the
deformed thin metal film on the polymer substrate under the
same conditions, but with a varying thickness. The thickness of
the polymer is modulated by the control of the spinning speed
in the spin-coating process. Interestingly, folding is diminished
and finally does not occur as polymer thickness decreases.

To explain the relationship between the folding amplitude
and polymer thickness, a simple scaling theory is developed.
When the system is under biaxial stress, it can be modelled as
a 1D problem based on the assumption that the folding
formation mechanism is the same in both directions. The
wavelength of buckling /4 is determined by competition between

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Three-dimensional images of the deformed surface obtained from
confocal microscope data after metal deposition under the same condition,
except for the thickness of a viscous layer: (a) 56.6 um, (b) 6.7 pm and
(c) 3.8 um. The different levels of the undulated surface are represented by
color from red (high) to purple (low). (d) Experimental results for the amplitude
of folding on different thicknesses of the polymer substrate. A is defined as
the distance from the highest point of folding to the lowest; however, in
the buckling region, it represents the amplitude of buckling. ts is measured
by a-step or cross-sectional SEM imaging. Inner SEM images show the
representative parts of the samples.

the stiffnesses of the thin film and the substrate.'® Therefore, the
wavelength is represented by the scaling relation, 4 ~ (B/K)*",
where B is the bending modulus and K is the effective stiffness
of the substrate.>® According to Cerda and Mahadevan,*® in the
case that the thickness of the substrate ¢, is smaller than
the characteristic length scale of the bucklings, the stiffness of
the substrate is influenced by the thickness of the substrate and
is expressed as K ~ Ez2*/t,> where E; is the Young’s modulus of
the substrate. Assuming that the time scale of the increase of the
compressive stress is much shorter than the relaxation time scale of
the viscous polymer, the modulus of the polymer substrate can be
approximated to the shear modulus G, which is independent of
time. There is also a linear relationship between G and E; given by
G = E4/2(1 + v), where v is Poisson’s ratio.*"

As a result, the wavelength of the system is given by the
following equation:

i~ (EdG)M°(tsto)"> (1)

where Er and ¢ are the Young’s modulus and the thickness of
the thin metal film, respectively. Because all the experimental
parameters except the thickness of substrate are kept constant
in our experiments, the wavelength has a scaling relation of
1~ (ts)l/z-

The deformation A4 for folding is proportional to 4 from the
energy balance approach considered by Pocivavsek et al.’
In addition, the amplitude of folding can be approximated to
4/2 when the curvature localization is perfect. By using these
relations, a final formula related to the amplitude of folding A¢
is A ~ (t)"> To confirm this scaling relationship, Fig. 2d
shows the log-log plot of ¢ vs. A¢. (A more detailed derivation of
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the scaling analysis is provided in the ESIT with Fig. S5.) In the
folding region, the experimental data are in good agreement
with the theoretical line (red), whose slope is 0.5.

Grain boundaries are formed by an overlap of the folds,
which have diverse directions. In addition, secondary bucklings
are observed in each grain boundary. When the thickness of the
prepolymer substrate is thinner than approximately 5 pm, random
bucklings cover the surface completely, without folding. These
wrinkles are different from well-oriented secondary buckling in
the folding region because they are formed in almost random
directions. Between those two regions, a coexistence region is
found, where folding and random buckling occur simultaneously.
We note that the boundary of the folding and the buckling region is
where the thickness of the prepolymer is similar to the amplitude
of the folding. It is intuitively reasonable that folding is not possible
in a thin prepolymer region because the deformed metal surface
could attach to the solid substrate and the dissipation of biaxial
stress might be slightly relieved by the anchoring effect on both
sides of the viscous layer.

To verify the dependence of the substrate thickness on
the amplitude of folding, a gradient of polymer thickness is
introduced using two different structures. First, an asymmetric
ratchet structure filled with prepolymer is prepared, and then
aluminium is deposited onto it to form an Al film. As shown in
Fig. 3a, a folding bias to the right side of the pattern occurs
because the fold develops at the thick region parallel to the
hypotenuse of the ratchets (Fig. 3b). When we coated the
viscous liquid using the doctor blading method, the pattern
trend was not changed (Fig. S4, ESIY).

As shown in Fig. 3¢, we use a prepolymer coated line pattern
(20 um heights) that has a gradient resulting from a surface
tension driven meniscus. Similarly, folding occurs only at the
thick prepolymer region along the wall and secondary bucklings
are formed vertical to the folding. To compare three selected
locations of secondary buckling from o to y, their representative

A/t1)% (um?/2 )
doat

region - g 0

o By

Fig. 3 Planar (a) and cross-sectional (b) SEM images of the deformed
surface during the deposition of metal films onto a viscous liquid confined
by an asymmetric ratchet array whose period and depth are both 30 um.
(c) Gradient of liquid polymer after spincoating on a microwall pattern,
which is obtained by averaging the x-directional profile from a confocal
microscope image (d). (e) Representative profile of secondary bucklings at
locations « to y. (f) Evaluated value of i/t at locations o to y from the
experimental results.
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Fig. 4 (a) Schematic illustration of the procedure for obtaining homo-
geneous polymeric crumpled surfaces using soft lithography. 3D confocal
images of the buckled and folded surface on a pillar (b) and a line pattern
(c). (d—g) Comparing replicas obtained by soft lithography of the original
crumpled surface using optical microscope images of both patterns.

profiles are plotted in Fig. 3e. Their wavelength and amplitude
are found to decrease as x increases. Moreover, the measured
values of /it~ % in the satellite buckled regions with three different
thicknesses (o, f5, y) are nearly constant, which is consistent with
the scaling results; thus, the scaling law is relevant to folding as
well as buckling.

To repeatedly fabricate structures formed by the combination
of folding and wrinkling, we exploited a replication method
based on a soft lithographic technique (Fig. 4a). After preparing
the deformed surfaces by metal deposition, we poured a poly-
dimethylsiloxane (PDMS) prepolymer mixed with a crosslinker
on them. After thermal curing, we detached the PDMS mold
from the original wrinkled sample, then we replicated with other
polymeric materials such as polyurethane acrylate (PUA) with
the mold.

When we deposited aluminium onto a prepolymer sur-
rounding 20 pm heights of a pillar array, satellite bucklings
radiated from the center of each pillar. This flower-like surface
can be obtained over a large area, as shown in Fig. 4b and d. On
a line pattern that is very narrowly carved, folding occurs
selectively along the furrow line (Fig. 4c). This result shows
that we can manipulate the locations of the folds by exploiting
the effect of the differences in substrate thickness. In addition,
secondary bucklings that bridge each adjacent folding in a parallel
fashion are observed. After the fabrication of the beautifully
crumpled surfaces, we replicated the surfaces by soft lithography.
As shown in Fig. 4f and g, the replicated surfaces almost perfectly
matched the original surfaces.

In conclusion, we proposed a strategy involving aluminium
deposition onto photocurable prepolymers to easily form
highly deformed surfaces as well as to fix the crumpled surfaces
by post-UV exposure. To manipulate the folding and wrinkling,
we controlled the thickness of the liquid prepolymer and
used confinements prepared using conventional lithographic
techniques or mechanical machining. Using scaling theory, we
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predicted the amplitudes of the folded and buckled regions in
terms of the prepolymer thickness. Furthermore, we presented
a soft lithographic method to repeatedly fabricate and replicate
the beautiful structures formed by the crumpled surfaces.
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